Abstract Populations in urban environments are extremely mobile throughout the day and in various weather conditions; accounting for this pedestrian mobility and security becomes high importance. Research into the security and stability of the pedestrian environment under exposure to critical water flows provides an essential knowledge base with which the associated hazard unto them can be critically evaluated. This research seeks to analyse degrees of hazard in relation to persons exposed to high-volume rain events in urban areas. Several human trials of critical urban flows were conducted in order to determine the stability limits of pedestrians, crossing through a water flow in a real-scale physic model. Additionally, the critical first step from a dry footpath into fast-flowing water is considered and an assessment of the tested subjects' emotional responses when entering and crossing flooded roadways was carried out. Results from this study are compared with various proposed human stability criteria as well as alternatives proposed in other written works. The presented study offers a stability threshold focused on shallow depths and high-velocity conditions, the most common urban flooding conditions.
Introduction
Run-off studies of urban networks focus primarily on the rainfall-run-off transformation and subsequent evacuation of flows through drainage networks resulting in an excess overland flow. The removal of surface run-off is assumed as an automatic process based on rating curves and capture potential; once in the storm water network, the flows are no longer considered a risk to pedestrians. However, only a fraction of overland flow can be captured by storm water grates, and the rest remains as overland flow, posing a potential hazard to urban constituents. With continued global urbanization, the volume of water and number of persons impacted by uncontrolled storm water is much higher than previously expected (Gómez and Russo 2011) . Misunderstanding of the proper implementation of storm water grates has led to improper positioning and spacing of these critical elements. Spatial density criteria of inlets have been evaluated without consideration of inlets spacing's impact on potential flow interception.
When designing drainage systems, the dual drainage concept should be considered (Djordjevic et al. 1999; Nasello and Tucciarelli 2005; Concha and Gómez 2009; Nanía et al. 2015) . This concept includes the flow within the drainage pipe network as well as the circulation of run-off on the street level which is dependent on storm grate type and spacing. When optimizing and planning drainage networks, the flood hazard posed by this circulating flow requires careful consideration in order to minimize the total hazard to which the urban population are exposed.
A consensus has been reached within the field of urban drainage and storm water management that hazard can be assessed by accounting for the hydraulic variables resulting from storm events, namely water depth and velocity. To determine the overall risk of an estimated storm event, this hazard is coupled with the vulnerability of exposed elements and the capacity of said element to withstand the hazard. (Sanyal and Lu 2006; Van Drie et al. 2013; Russo et al. 2013b ). These hydraulic variables will prescribe a hazard level which can be used to evaluate potential impact on urban elements (i.e. pedestrians, vehicles and properties).
The studies of Russo (2009) provide a solid basis for the research addressed in this paper. The study accounted for the hydraulic efficiency of grates to design the first iteration of an experimental campaign to evaluate the stability of pedestrians when attempting to cross a flooded street under various hydrodynamic conditions. These tests aimed to establish general hazard levels (low, medium or high) for pedestrians when attempting a street crossing under various combinations of water depth and velocity. This hazard classification would allow for a threshold to be established. Hydrodynamic conditions which result in a low hazard posed to pedestrians should be allowed to occur in the urban environment, while medium and high hazard conditions should be more carefully considered and mitigated if possible.
The present research work is a second iteration of the original experiment begun by Russo (2009) . Similar trials were conducted as in the first trial but with varied classification of footwear, test subject age and weight, visibility conditions and use of hands. This study is complemented with surveys completed by tests subjects after experiment participation to evaluate the emotional state and thoughts of the subjects during the test scenarios. Questions were related to the adequacy of the tests from the subject's perspective and to evaluate the perceived state of stability for each of the trials.
In order to give context to the research, a review of the state of the art in terms of stability criteria for people exposed to water flows is presented. Secondly, a description of the experimental set-up, including measurement techniques, experimental campaign and protocol adhered to, and variances in the investigated pedestrian characteristics. Finally, this paper presents the obtained results and an extensive discussion of them by comparing with the results of other authors which lead to the proposed conclusions.
2 Outline of the state of the art People's safety can be compromised when they are exposed to flows that impede their ability to remain standing or to securely traverse a street or a natural stream. This issue has been intently studied over the past decades in an attempt to identify the limits of human stability within different flow regimes. Several numerical and laboratory-based experimental studies have been carried out to achieve these aims. There is a broad agreement that the degree of flood hazard for pedestrians (defined as the conditions which cause persons to be swept away) is primarily influenced by hydrodynamic properties, primarily velocity (v) and depth (y). In order to express the hazard level in case of floods, several authors (Abt et al. 1989; Reiter 2000) have proposed different relationships between these two parameters, and generally, the product of depth (m) times velocity (m s -1 ) is in the range of 0.5-1.0. This can be clearly seen from the heavy reliance of pedestrian stability on the relationship between velocity and flow (v 9 y) (Russo et al. 2013a ) and (v 2 9 y) (Nanía 1999) products, so it is clear the relevance of the flow velocity parameter on the definition of hazard criteria. It seems that the velocity factor has a considerable influence on the determination of hazard, and therefore, accurate portrayal of both water depth and velocity is required in the production of meaningful hazard levels and interpretations.
However, many of the proposed and explored relationships between velocity and depth focus on scenarios in which the water depth is quite large and velocity of flow is low. This is contrary to the common occurrence in the urban paradigm where the depths are low and the velocities high. Therefore, these relations do not prove very useful for critical evaluation of urban pluvial flooding scenarios.
Over the last four decades several studies, experimental and theoretical, on flood hazard in relation to the stability of persons have been conducted. The Australian Rainfall and Runoff Revision Project 10: Appropriate Safety Criteria for People report (Cox et al. 2010) reviews and discusses previous experimental investigations of human stability as well as theoretical formulations and safety guidelines. A significant scattering of the data is observed within individual experimental data sets. This scattering and lack of homogeneity in results is further compounded and exacerbated when results from various trials conducted are aggregated.
Sliding and toppling are the two primary mechanisms leading to pedestrian instability. Toppling is triggered by the moment induced by oncoming flow applying force to the pedestrian which exceeds the stabilizing moment generated by the weight of the body (Abt et al. 1989) . Sliding instability occurs when the drag force induced by the horizontal flow is larger than the frictional resistance supplied by a person's shoe and the ground surface (Nanía 1999 Chanson and Brown 2013; Russo et al. 2013a; Xia et al. 2014a; Chanson et al. 2014; Xia et al. 2014b Xia et al. , 2015 Chanson and Brown 2015) . Generally, references deal only with floods in purely rural or coupled rural and urban basins, thus leaving them unresponsive to the singularities that occur in a purely urban pluvial flooding scenario. However, many of them are just as relevant to urban situations even if the word ''urban'' is not included.
A summary of state of the art in regard to studies investigating stability of people exposed to water flows are given in Tables 1 and 2 . The first table is a collection of data from the early human stability testing for children by Foster and Cox (1973) expanding to the latest experimental test carried out by Russo (2009) . The second table summarizes proposed stability criteria of some of the most relevant theoretical studies as well as several guidelines and recommendations. The earliest stability criteria presented are the Federal Emergency Management Agency (FEMA 1979) ) and a product (v 9 y) of less than 0.56 m 2 s -1 . The latest stability criteria are obtained from the Australian Rainfall and Runoff Guideline (Cox et al. 2010 ) and differentiate the criteria according to the characteristics of the population (e.g. for children a maximum water depth of 0.5 and a product (v 9 y) \0.4 m 2 s -1
).
3 Description of the laboratory and the experimental set-up
The outdoor hydraulic laboratory of Technical University of Catalonia contains the physical model implemented by Russo (2009) in the first investigative campaign into pedestrian stability during flood conditions in urban environments. The physical model is of sufficient dimensions so that the scale effects are avoided and test with human subjects can be easily conducted. The cross section of the model is representative of a typical urban street crossing. A typical urban street crossing is classified in this case as 1.6 m in width and length of 5 m. It is possible to vary the longitudinal slopes of the model from 0 to 10 % incline, and the cross section contains a fixed 2 % transverse slope, typical characteristics of streets in most of cities. Aiming to carry out a realistic scenario, a sidewalk street interface was also introduced, allowing for the first step from the sidewalk to the flooded street to be evaluated as well. The inclusion of a curb allows greater realism in the tests and allows for an evaluation of the initial shock registered by subjects when experiencing the sudden introduction of force upon entering the flooded street from a dry sidewalk. Previous studies did not take into consideration this first step which is often a critical stage in the evaluation of the stability of pedestrians in both the experimental tests and real situations. Figure 1 depicts the model cross section including dimensions; the higher curb is 15 cm depth as is typical of most urban codes. In order to obtain and maintain a steady, uniform flow over the entire cross section, an upstream regulation tank was constructed. The regulation tank's purpose also was to increase the accuracy of proper depth and velocity measurements as well as recreating an urban run-off environment with as much realism as possible. Figure 2 shows the physical model and a discharge of 300 l s -1 flowing throughout the model road.
Discharges, velocities and water depths on the physical model
The discharges in the physical model are calculated by summing discharges registered at V-notch weirs via the Kindsvater-Shen method (U.S. Department of the Interior. Bureau of Reclamation (USBR) 1997), employing an effective discharge coefficient for partially contracted weirs (1), Karvonen et al. (2000) Yee (2003) Russo ( 
where Q (m 3 s -1 ) is the discharge and h (m) is the hydraulic head over the weir crest. Flows are generated by activation of a series of pumps. The capacity of each of three pumps ranges from 105.49 l/s up to 544.84 l/s reached when all three pumps were activated. Velocity measurement was accomplished via an ADV (acoustic Doppler velocimetry-Vectrino side-looking) device. Detailed velocity measurements were completed in the testing section (where the subjects crossed the model) 74 cm upstream from the model outlet. Five velocity profiles were developed across the model the testing section in order to have a clear longitudinal velocity field along the model. Those five profiles were developed for 16 flow scenarios: result of the combination of 4, 6, 8 and 10 % slopes and 300, 375, 450 and 550 l/s discharges. Each profile was the result of 2-min averages of instant velocities at points measured every centimetre from the road bottom. An average velocity in the testing section was related to each flow scenario, finally obtaining 16 average velocities. Figure 3 shows the ADV device set-up in the testing section. Water depths were measured with a ruler next to the higher curb of the testing section for each 
Tests and pedestrian profiles
The variables tested for in this experiment are not limited to only environmental parameters described in Sect. 4. They also factor in situational variables such as type of footwear being worn, visibility conditions, and whether or not the pedestrian's hands are occupied. All pedestrian subjects were vested in Gore-Tex survival trousers and a simple T-shirt to provide uniformity in the attire-clothing type thus being excluded as a variable in this research. For every fixed discharge and model slope, each subject had to carry out a testing protocol wearing different kinds of shoes (Fig. 4) , with the hands busy (Fig. 8) or free, and either good or bad visibility conditions (Figs. 6c, 8 ).
An experiment was developed in order to determine the coefficient of friction provided by each of the different shoe types used in the test. The trials were executed on the test surface used in the stability experiment; both the shoe and the surface were wetted during the friction testing. Each type of shoe was weighed down on the test surface; subsequently, lateral force was applied through the use of a spring weight measure until movement of the shoe was detected (Fig. 5) . The instant of movement denotes the reached force is the friction force (F R ); consequently, it is possible to obtain the friction coefficient (l) knowing previously the weight of the shoe. Thus, the friction coefficient (l) is obtained by dividing the friction force (F R ) by the gravitational force (F g = M z g), being M z the weight of the shoe and g the acceleration of gravity. The results obtained are collected in Table 3 .
Critical storm events do not occur in a regimented manner, and they can occur at any time of day. Further complicating this fact is the high degree of variability with which persons conduct various activities within cities. Urban residents are not always prepared for storm events when they occur and can be conducted themselves in a myriad of way. The combinations represented in this experiment are aimed at representing a slice of the variety inherent in the collective demographic ''pedestrian''. Thusly, the differential in shoe types, whether carrying objects or not, and visibility attempts to include some elements of the dynamics into the experiment allow for discussion on this variability. A positive correlation between the occurrence of unstable situations and the number of additional difficulties the participants is subjected to be expected. Difficulties are considered as low comfort level of footwear, low friction coefficient of footwear, poor visibility and occupied hands during traversal (Fig. 6) .
In order to restrict the broad number of hydraulic combinations, there were only taken into account for discharges above 300 l/s, as well as slopes more than 4 %, thus neglecting hydraulic combinations with a low likelihood of instability according to the results of the experimental campaign of Russo (2009) . Contemplating finally only four discharges, four longitudinal model slopes and the different wearing considerations (i.e. types of shoes, hands busy or free and visibility conditions), there were a total of 192 possible combinations for each tested subject. Experimental sessions of 48 tests per each person were carried out, as a result of a fixed longitudinal model slope, four discharges and 12 wearing combinations per discharge.
The selection of pedestrian candidates focused on two main categories:
(1) People with physical characteristics (i.e. weight (P) and height (H)) which lead to a higher likelihood of instability situations, according to the results of the first experimental campaign (Russo 2009 ). The final pedestrian test sample included 26 persons, constituted by 16 women, 5 men and 5 children (under 15 years of age). The ages were represented from 6 to 55 years, weights from 37 to 71 kg and the heights from 1.32 to 1.73 m (Table 4) .
Experimental campaign and test protocol
In this experimental campaign, every test was carried out according to the test protocol proposed by Russo (2009) . The tested subject attempted move through the flows in three directions: transverse, diagonal and longitudinal with respect to the main flow direction. Prior to attempting to walk in one of the three directions, the protocol dictates that the a 3 kg added to the subject's weight because of the security equipment weight subject must enter the flow from the dry sidewalk (0*) to the flooded road (0) and then continuing wading in the three directions according to the sketch shown in the Fig. 7 . The sections 0-1, as Fig. 7 shows, correspond to the testing section where the water depths and velocities were measured, located 0.74 cm upstream from the outlet of the model. In accordance with Russo (2009) , the hazard level classification of every experimental test was carried out adopting the following criteria:
• High hazard The tested subject lost stability completely.
• Medium hazard The tested subject showed a great difficulty in carrying out the complete protocol. The subject needed to make a great effort. Slowness, stumbles, slips and a loss of one or both shoes were other issues to consider a case as a medium hazard.
• Low hazard Small or inestimable instabilities were observed. The tested subject was able to carry out the complete protocol without any inconvenience.
When classifying hazard level relative to each of the flow regimes, the subject's personal feelings as to the hazard level were also assessed. The tests were carried out with certain degree of randomness. Not all the test subjects carried out the same number of sessions or the same sequence of discharges. In order to minimize the gaining of experience in manoeuvring through the flow (Abt et al. 1989 ), a reasonable period of time was allowed to elapse before the test subject was invited back for subsequent rounds of testing.
Results
In a total of 2345 assessed test cases, the number of high hazard scenarios, determined through a complete loss of stability, amounted to 38, 1.6 % of the total cases. This may seem as a very low number of cases; however, the assessment of a high hazard situation was very rigorous and only account for instances where there was a complete loss of stability and fall (Fig. 8 ). There were multiple instances where subjects lost balance but were able to recover their footing and continue without having fallen. These scenarios are classified as medium hazard as no fall occurred. Table 5 summarizes the assessed cases according to the level of hazard.
A breakdown detailing the conditions under which the high hazard events occurred is given in Table 6 . After scrutinizing the conditions present when a fall occurred, no clear correlation can be made due to visibility condition; therefore, it is assumed this is not a causal factor. The same conclusion was achieved by Russo (Russo 2009 ). On the other Fig. 7 Test protocol sketch hand, it is observed that most of the instability cases (71.1 %) were produced wearing flipflops, which indicates sliding instability according to the minimum friction coefficient determined experimentally for this kind of shoes (l = 0.44).
In turn, the assessment of the level of hazard for every test case was complemented by including surveys on the tested subject regarding their feelings during the tests. The aim was to evaluate the adequacy of the tests and more especially to evaluate the stability feelings of every person under different hydraulic conditions (water depths and velocities). The surveys were carried out immediately after every experimental session for each tested subject through an online questionnaire. The percentage of respondents to the survey was 59 % (i.e. 34 answered surveys from a total number of 58 test sessions). The answers regarding the main points are summarized and listed below:
(1) Discomfort caused by the safety equipment All the respondents agreed that the comfort of the safety equipment was good enough and it did not prevent to them from carrying out the tests naturally. (2) Duration of the tests The tests duration was adequate according to most of the respondents, and thus, the influence of fatigue is discarded. (3) Gaining experience All participants agree on the gaining of experience and increased ease of passage as the sense of insecurity wanes in comparison with the first undertaken tests with each subsequent passage. (4) Sense of security in respect of the different shoes, visibility conditions and hands busy or free There was a great agreement on the flip-flops as the most insecure shoes. Nobody noticed any substantial difference between wearing waterproof boots or flat-soled shoes/heeled shoes. Interestingly, the correspondents placed a higher level of insecurity resulting from low visibility over having their hands occupied holding item. (5) Protocol direction with most and less difficulties 100 % respondents agree that the transverse direction (0-1 way according to Fig. 7 ) was the most difficult to carry out. (6) First impression after entering the first foot into the water Nobody expected such a water force even when the lowest of the discharges was flowing through the street model. Therefore, the first step further from the dry sidewalk (0* according to Fig. 7) to the flooded road (0 according to Fig. 7) is a critical stage when a pedestrian tries to cross a flooded street.
Discussion and comparison with other authors
In this section, the obtained results are analysed from the point of view of the stability limit of pedestrians exposed to water flows according to the hydraulic variables (i.e. water depth and velocity) of the street flow. Furthermore, in order to analyse the differences between the instability threshold obtained in this experimental campaign and the stability criteria proposed by others authors, both are represented together. In order to be able to perform a higher quality analysis, the results from Russo's (2009) experiment are aggregated along with those obtained through this iteration of the experiment. In fact, one of the driving forces behind this second iteration was to obtain a greater number of instability points, focusing on subjects potentially more instable on the basis of acquired experience in the first campaign. Both sets of points (i.e. pairs of water depth and velocity for every case), represented in the graph of the Fig. 9 , define a lower limit function (v 9 y) = 0.22 m 2 s -1 . The most conventional stability criteria used in the literature (v 9 y) = 0.5 m 2 s -1 as shown in Fig. 9 (based on thresholds defined by Abt et al. 1989; Témez 1992; Gómez 2008 ) is clearly not adequate. The security threshold obtained in this study (v 9 y) = 0.22 m 2 s -1 is a more appropriate threshold to assess the stability for pedestrians exposed to water flows in urban areas. The presented study offers a revised limit to depth and velocity relationships for urban area flooding. This revised level is assumed to be a product of the higher frequency of shallow depth and high velocities found in urban zones as opposed to the high depth moderate velocity model which was used to develop the original stability threshold.
In order to more clearly see the critical data, Fig. 10 depicts the points of high hazard from both the 2009 and current experiment for participants weighing less than 52 kg. The threshold functions proposed by Témez (1992) , Nanía (1999) and Gómez (2008) are also represented in the same graph. The first stability criteria (Témez 1992) propose a maximum velocity of 1 m s
, a maximum depth of 1 m and a function limit given by the product (v 9 y) = 0.5 m 2 s -1
. The second one (Nanía 1999 ) is a slipping instability criteria which considers a pedestrian weight of 50 kg and a friction coefficient of l = 0.5, and its function is given by the product (v 2 9 y) = 1 m 3 s -2 . The last criteria (Gómez 2008) were carried out through the toppling instability theoretical analysis proposing as a limit function the product (v 9 y) = 0.45 m 2 s -1 , and considering again a pedestrian weight of 50 kg.
The Témez (1992) criteria are excessively restrictive as all of the point of instability are found considerable distance away from the threshold according to Fig. 10 . This criterion was originally developed for floodplains where low velocities as 1 m/s, which is the maximum value proposed, are more reasonable. However, in the urban paradigm, this velocity threshold is regularly exceeded reaching greater velocity values. On the other hand, both the Nanía (1999) and Gómez (2008) criteria are not appropriate since instability points are found in their proposed ''safety'' area (i.e. below limit function). Following Abt et al. (1989) and Russo (2009) , a specific analysis concerning the relation between subject characteristics and the flow parameters was as well undertaken. Specifically, in the studies of Abt et al. (1989) a relationship was developed to approximate the product number at which a human subject would become unstable in flood flow conditions based upon the subject's height and weight. Twenty human subjects who ranged in weight (P) from approximately 40.9 to 91.4 kg and in height (H) from 152 to 183 cm were tested. Subjects were subjected to flow velocities ranging from 0.36 to 3.05 m s -1 and flow depths of 0.49 to 1.2 m. The stability tests were carried out over four types of surfaces, concrete, turf, gravel and steel and establishing two flume slopes, 0.5 and 1.5 %. As Abt et al. (1989) proposed, in the Fig. 11 is represented the square root of the product (v 9 y) versus the product (H 9 P) for each situation of instability, considering only the minimum (v 9 y) product for each tested subject. In the same graph, the minimum stability point of the subjects tested over a concrete surface by Abt et al. (1989) is presented as well. It is possible to observe an evident similarity in both studies Fig. 11 Representation of square root of the product (v 9 y) versus the product (H 9 P) of the minimum instability points for each tested subject herein and in Abt et al. (1989) regarding the ascending tendency of the square root of the product (v 9 y) for greater values of the (H 9 P) product (Fig. 11) . However, the higher values of (v 9 y) in the study of Abt et al. (1989) focus on toppling instabilities (i.e. higher water depths and lower velocities) in contrast to the slipping instabilities of the present study (i.e. higher velocities and lower water depths). Finally, a comparison between the AR&R Guidelines stability criteria (Cox et al. 2010 ) and the set of instability points obtained in both herein and Russo (2009) is carried out. This criterion is the result of a review and discussion of previous experimental investigations of human stability (Foster and Cox 1973; Abt et al. 1989; Takahashi et al. 1992; Karvonen et al. 2000; Yee 2003; Jonkman and Vrijling 2008) which instability points obtained in every study are represented in the graph of the Fig. 12 and 13 . In order to define safety limits which are applicable for all persons, hazard regimes are defined for adults (H 9 P [ 50 m kg) and children (H 9 P = 25-50 m kg), according to the product height (H) 9 weight (P) of a person. The safety area for children is limited by the function (v 9 y) = 0.4 m 2 s -1 and a maximum depth of 0.5 m, whereas the adults safety area is limited by the function (v 9 y) = 0.6 m 2 s -1 and a maximum depth of 1.2 m. For both, the maximum velocity is 3.0 m s -1 at shallow depths. All the instability points from this test program are found in the proposed safety area for adults, and even most of them below the limit function for children (v 9 y) = 0.4 m 2 s -1 . The criteria proposed by the AR&R Guidelines are not so appropriate to evaluate the hazard for pedestrians exposed to common urban pluvial flooding conditions included in this test program. (2000) Yee (2003) Yonkman (2008 Fig. 12 Representation of the AR&R Guidelines stability criteria (Cox et al. 2010 ) and the instability high hazard points obtained in this research and in Russo (2009) together with the limit function (v 9 y) = 0.22 m 2 s -1 obtained in the present work
Conclusions
According to the brief review of the state of the present knowledge, a general consensus has been established on the hydraulic variables that define the hazard posed to humans exposed to urban storm flows. These variables are the flow depth and velocity as well as the relation between these two factors through which several thresholds can be formulated. The most common flows, low depth with high velocities, found during urban storm conditions have been reproduced in a controlled laboratory setting through the use of a physical model. A sample of 26 subjects has been tested considering different conditions and exposure combinations (i.e. types of shoes, hands busy or free and visibility conditions). The lower function threshold for all the assessed instability points is given by the product (v 9 y) = 0.22 m 2 s -1 , far below the conventional criterion of (v 9 y) = 0.5 m 2 s -1
. The representation of all the instability points together with some stability criteria proposed by other authors and guidelines indicates that these criteria are not appropriate to assess the stability of a pedestrian exposed to the typical urban pluvial flooding. The presented study offers a revised stability threshold, which concentrates on acceptable levels when operating under low depth and high-velocity conditions, the most common conditions present when operating within the urban environment during storm events. Also, new aspects such as the critical first step from a dry footpath into fast-flowing water and the assessment of subjects' emotional response and perceptions have been considered in the hazard analysis.
Accounting for these factors, a more restrictive stability criterion for pedestrians in urban paradigms is proposed. These results and recommendations should be taken into account by stakeholders' policy-maker in order to have improved flood risk management in urban areas. In order obtain said criterion, the results of this work will be an asset to urban drainage designers. If put into effects, these limits will be of great importance in the design (2000) Yee (2003) Yonkman (2008 Fig. 13 High hazard highlighted zone detail of Fig. 12 and redevelopment of run-off management features within cities and highly developed areas in order to ensure the safety of inhabitants.
